ABSTRACT
The pancreatic beta-cell adapts to increased nutrient availability and insulin resistance by increasing its function and mass. These processes are orchestrated by signals derived from nutrient metabolism, hormones and cytokines. Their end-result is the regulation of insulin secretion and biosynthesis, and beta-cell proliferation and apoptosis. This review focuses on the mechanisms involved in beta-cell nutrient sensing and adaptation and the potential causes of beta-cell dysfunction and death in type 2 diabetes mellitus. Understanding the mechanisms that regulate adequate beta-cell adaptation and the natural history of beta-cell failure is of utmost importance for the development of novel disease modifying treatments.
INTRODUCTION
The growth and function of the endocrine pancreas are programmed to adapt to physiological challenges with the aim of maintaining glucose homeostasis. The pancreatic beta-cell adapts to nutrient overload and insulin resistance by augmenting insulin secretion and biosynthesis and expansion of beta-cell mass (1, 2). These processes are orchestrated by metabolic cues generated during nutrient metabolism, as well as by secreted hormones and cytokines that regulate beta-cell function, proliferation and apoptosis.
The processes that determine beta-cell adaptation to nutrient overload and to obesity-associated insulin resistance involve multiple genes (3-5). Moreover, various environmental factors in utero and during adult life are also involved (reviewed in (6)). The interactions between these factors are complex, making it difficult to decipher the critical pathways that mediate the beta-cell response in states of insulin resistance and in type 2 diabetes mellitus (T2DM). Nevertheless, studies in animal models of insulin resistance and in islets of T2DM patients unraveled important pathways in nutrient sensing and their involvement in beta-cell adaptation.
There is evidence that beta-cell failure is the mainstay of the development and progression of T2DM (7). In part, this results from decreased functional beta-cell mass due to metabolic stress induced by hyperglycemia and hyperlipidemia (reviewed in (6, 8) ). Among the mechanisms that may explain beta-cell failure and death in T2DM are inflammatory, oxidative and endoplasmic reticulum stress.
This review describes pathways involved in beta-cell adaptation to increased secretory demand and outlines potential mechanisms that could lead to beta-cell failure and T2DM (Figure 1) 
NUTRIENT SENSING AND REGULATION OF INSULIN SECRETION, PROINSULIN BIOSYNTHESIS AND BETA-CELL MASS

Nutrient stimulation of insulin secretion
The primary function of the pancreatic beta-cell is to secrete insulin in response to nutrients, most notably glucose. It is well established that glucose must be metabolized in the beta-cells to provide signals for insulin secretion (9). Glucose is metabolized to pyruvate via glycolysis, which enters the mitochondria and undergoes oxidative phosphorylation in the tricarboxylic acid (TCA) cycle. Pyruvate carbon metabolism promotes electron transfer from the TCA cycle to the respiratory chain by NADPH and FADH 2 leading to generation of ATP, which is exported to the cytosol. The increase in the cytosolic ATP/ADP ratio causes depolarization of the plasma membrane by closure of ATP-sensitive K + channels with subsequent opening of voltage-sensitive calcium channels (10, 11). An increase in cytosolic calcium is the main stimulus for exocytosis of the insulin granules (12, 13). Glucose oxidation in the TCA cycle leads to generation of additional intermediates that may serve as signals for insulin secretion. As an example, it has been recently suggested that reactive oxygen species (ROS) generated by the electron transport chain function as important signals that couple glucose stimulation to insulin secretion (14). Efflux of mitochondrial intermediates to the cytosol and the refilling of TCA cycle intermediates (cataplerosis and anaplerosis) may also serve as important messengers for glucose-stimulated insulin secretion and are thus important nutrient sensors in the pancreatic beta-cells (15) (16) (17) (18) (19) . Moreover, signals derived from anaplerotic shuttles, for example NADPH, may interact with other metabolic pathways, such as nitric oxide (NO) synthase and derivatives of lipid metabolism to regulate insulin secretion (20-22).
Glucose-stimulated insulin secretion is amplified by signals derived from lipid metabolism (21, 23, 24), parasympathetic activity, in part through activation of protein kinase C (25) and incretins, such as GLP-1, which augment cyclic AMP activity (26). In quantitative terms these amplifiers have a major contribution to insulin secretion in response to nutrients (27). Free fatty acids (FFAs) augment insulin secretion by binding to the membrane receptor GPR40 leading to increased intracellular calcium (28, 29). In addition, FFAs can be oxidized in the TCA cycle or directed to the synthesis of long-chain acyl CoAs. The metabolic fate of FFAs is determined by the anaplerotic product malonyl CoA, which inhibits FFA oxidation and favors the synthesis of longchain acyl-CoAs (21, 30). Prentki and Corkey suggested that malonyl CoA serves as an important signal for glucose-stimulated insulin secretion by generating fatty acid esterification products such as diacylglycerol (DAG) (31). Malonyl CoA is generated from acetyl CoA by the enzyme acetyl CoA carboxylase (ACC). The activity of ACC is regulated by AMP kinase (AMPK), which phosphorylates the enzyme and inhibits its activity. AMPK is activated by ATP depletion and increase in cellular AMP (32-34); its activation inhibits ATP-consuming pathways, such as partitioning of FFAs to acyl CoAs, and promotes ATP production by stimulating FFA oxidation (30). Therefore, AMPK is a key nutrient sensor regulating the cellular response to changes in energy balance. AMPK converges signals from nutrients and adipokines, such as leptin and adiponectin to regulate metabolic activity in muscle, liver and the brain (35). In islets, AMPK activation was shown to inhibit insulin secretion (36, 37). However, it was recently reported that inhibition of AMPK by glucose and amino acids does not play an important role in nutrient stimulation of insulin secretion (38); therefore, the role of AMPK in the regulation of insulin secretion is controversial.
Nutrient stimulation of proinsulin biosynthesis
Nutrient stimulation of insulin secretion is accompanied by a robust increase in proinsulin biosynthesis to replenish the beta-cell insulin stores and allow sustained insulin release under conditions of increased demand (39).
In the short-term, insulin production in pancreatic beta-cells is predominantly regulated through glucose control of proinsulin mRNA translation (40, 41). It was recently shown that a short element within the 5'-untranslated region of proinsulin mRNA confers glucose regulation of proinsulin translation (42). This cis element specifically binds a trans-acting factor expressed in islets and remains to be identified. Notably, a new insulin splice-variant differing from the wild-type proinsulin mRNA in the 5'-untranslated region was identified in human and mouse beta-cells (43). The variant confers increased translational efficiency and is highly expressed in animal models of insulin resistance and diabetes (44). This raises the possibility that an alternative proinsulin mRNA splicing represents a mechanism for beta-cell compensation in T2DM.
The metabolic regulation of proinsulin biosynthesis is not completely understood. We have previously shown that mitochondrial ATP production is the most important factor regulating glucose-stimulated proinsulin biosynthesis (45). However, parts of the metabolic signals that mediate glucose stimulation of insulin secretion and proinsulin mRNA translation are dissimilar (20, 46, 47). For example, calcium and NADPH that are important mediators of glucose stimulated insulin secretion do not affect proinsulin biosynthesis (20, 47). Moreover, FFAs which amplify glucose-stimulated insulin secretion inhibit proinsulin biosynthesis (46). This may suggest that altered metabolic activities during chronic hyperglycemia and hyperlipidemia may differentially affect insulin secretion and proinsulin biosynthesis leading to depletion of the islet insulin content. In addition to increasing proinsulin mRNA translation, glucose stimulates proinsulin gene transcription and stabilizes the formed mRNA (48). The complex regulation of proinsulin gene transcription involves the transcription factors PDX-1, MafA and beta2/NeuroD which bind to conserved elements in the proinsulin gene upstream region (49). We and others have shown that the stimulation of proinsulin gene transcription by glucose is not required for the increase of proinsulin biosynthesis in response to acute glucose stimulation; however, it is essential for the long-term adaptation to chronic hyperglycemia (40, 41). In addition to glucose, the incretin GLP-1 also stimulates insulin gene transcription (26), whereas FFAs seem to inhibit proinsulin gene transcription by impairing PDX-1 nuclear localization and MafA expression (50, 51).
Nutrient regulation of beta-cell mass
Nutrients, hormones (e.g. insulin, GLP-1) and growth factors (e.g. IGF-1) regulate beta-cell proliferation and apoptosis, determining the beta-cell mass in the adult pancreas (2, 52). The source of "new" beta-cells in adult life is a matter of debate. Beta-cells can be derived from the pancreatic ducts, a process called neogenesis, or from proliferation of existing beta-cells (53, 54) . Is has been claimed that the major source of new beta-cells is the proliferation existing beta-cells (55) (56) (57) . However, a recent elegant study using an experimental model of pancreatic duct ligation convincingly showed that the adult mouse pancreas contains endogenous endocrine islet-cell progenitors that are able to differentiate into beta-cells in vivo and in vitro (58) .
The effect of nutrients, hormones and growth factors on beta-cell mass is mediated by the phosphatidylinositol 3-kinase (PI3-kinase)/Akt pathway (59) . Stimulation of this pathway leads to tyrosine phosphorylation of IRS2, which is the most abundant and important IRS isoform in pancreatic beta-cells (60, 61) . In islets, IRS2 expression is regulated at the level of transcription by glucose and GLP-1 (62, 63) and its turnover is very rapid (62) . Therefore, modulation of signals regulating its synthesis and degradation may have a strong impact on its level of expression.
IRS2 activates Akt, which plays a central role in the regulation of beta-cell differentiation, size, replication, and survival (52) . Akt inhibits Foxo1 and GSK3 activities, resulting in increased PDX-1 expression and activity, thus promoting expansion of the functional beta-cell mass (64, 65) . In addition, Akt inhibits pro-apoptotic genes, such as Bad and procaspase 9, and activates cell cycle regulators, e.g. cyclin D1 and the serine/threonine kinase mTOR (52) . The latter integrates signals from nutrients (mainly glucose and amino acids), growth factors, hormones and cellular energy level (ATP) to regulate protein translation, and cell growth, proliferation and survival (66) .
DETERMINANTS OF EFFICIENT BETA-CELL COMPENSATION
Nutrient overload, increased insulin resistance, and/or hyperglycemia are expected to turn on compensatory mechanisms to increase beta-cell performance. Efficient beta-cell adaptation to increased demand requires augmentation of insulin secretion, proinsulin biosynthesis and beta-cell mass. Expansion of beta-cell mass is expected to affect the maximal pancreatic capacity to secrete insulin; thus, the compensatory processes of beta-cell mass and function (insulin secretion and proinsulin biosynthesis) are tightly linked.
In rodents, insulin resistance induced by a highfat diet or during pregnancy can lead to a 2-3-fold compensatory increase of beta-cell mass; however, in humans there is only 50% increase of beta-cell mass in obese compared to lean subjects, suggesting that the plasticity of beta-cell mass in man is lower than in rodents (67) . Moreover, partial pancreatectomy in man impairs beta-cell function and results in elevated blood glucose (68, 69) , emphasizing the impact of changes in beta-cell mass on insulin secretion (70). Therefore, a relatively small increase of beta-cell mass may be important for efficient beta-cell functional compensation.
Intrinsic genetic factors and metabolic imprinting
The ability of the beta-cell to adapt to increased demand may be imprinted early in life by intrinsic genetic factors and by the in utero metabolic environment. Largescale genome-wide association studies identified novel susceptibility genes for T2DM (71) . Some of these genetic polymorphisms are associated with increased insulin resistance, whereas others are related to impaired beta-cell function. The most important T2DM susceptibility gene identified so far is transcription factor-7-like 2 (TCF7L2), which reproducibly increases the risk for T2DM in different populations (4, 72, 73) . Interestingly, impaired insulin secretion and incretin effects characterize the TCF7L2 polymorphism associated with T2DM (74) . Thus, inherent genetic defects in beta-cell function might limit beta-cell compensation in adult life, increasing the risk for T2DM.
Human and rodent studies showed that a low birth weight, intrauterine growth retardation (IUGR), maternal hyperglycemia and high fat consumption are associated with increased risk for T2DM in adult life (75) . Islets of IUGR mice exhibit basal hyperinsulinemia with impaired glucose-stimulated insulin secretion (76) . The mechanisms by which the metabolic environment in utero affects beta-cell function and glucose homeostasis of the offspring during adult life are not clear. It was suggested that beta-cell dysfunction in IUGR is due to increased ROS production and accumulation of mitochondrial DNA mutations (77) .
Taken together, these studies suggest that betacell function and possibly mass are programmed by genetic and environmental factors in pregnancy, determining the efficiency of the beta-cell adaptive response to increased demand during adulthood.
Metabolic cues for beta-cell compensation
Little is known about the mechanisms underlying beta-cell compensation in man due to the limited availability of tissue from pre-diabetics or early-stage T2DM. Therefore, the molecular basis of beta-cell adaptation to insulin resistance and hyperglycemia has been studied mainly in animal models. Psammomys obesus (P. obesus) is a good model to address questions related to the mechanisms of beta-cell adaptation and failure under conditions of nutrient overload. P. obesus is a desert gerbil with innate insulin resistance that develops hyperglycemia when fed a high-energy (HE) diet under conditions of reduced physical activity (39). In the initial period on HE diet, hyperglycemia is accompanied by hyperinsulinemia at the expense of a marked decrease in pancreatic insulin stores. The glucoseinsulin concentration-response curve, evaluated in batch-incubated islets, revealed a leftward-shift in prediabetic P. obesus compared to insulin-sensitive rats, suggesting that increased glucose sensitivity is a physiological adaptive mechanism to insulin resistance in this species (78, 79) . Nutrient overload leading to hyperglycemia further reduced the threshold for insulin release and the half-maximal stimulatory concentration of glucose. A similar leftward-shift of the glucose concentration-response curve was obtained for proinsulin biosynthesis (39). Taken together, detailed analysis of betacell function in P. obesus islets showed increased sensitivity to glucose, which was further augmented in the diabetic state. This results in a high turnover of the insulin produced by the beta-cells.
Biochemical analysis showed increased glucose phosphorylation in islets of diabetic compared to normoglycemic P. obesus or to insulin sensitive rats, resulting from increased activity of glucokinase and hexokinase (79) . Glucose oxidation was also increased in diabetic P. obesus leading to accelerated rise in cytosolic calcium, mitochondrial membrane hyperpolarization, NADPH and ATP production (13, 79) . This is in line with the observed increase in glucokinase activity and glucose utilization and oxidation in response to short-term glucose infusion in rats (80) , and in the Zucker diabetic fatty (ZDF) rat model of T2DM (81) . These studies suggest that the beta-cell compensation (increased insulin secretion and proinsulin biosynthesis) to hyperglycemia in early-stage T2DM results from increased glucose utilization and oxidation that lead to higher mitochondrial ATP production. In addition, high-fat diet-induced insulin resistance in C57BL/6J mice was accompanied by increased mitochondrial volume and metabolism of FFAs and amino acids, supporting a role for enhanced mitochondrial metabolism in beta-cell compensation (82) .
The Zucker fatty (ZF) rat harbors a leptin receptor mutation resulting in obesity, insulin resistance and hyperlipidemia without hyperglycemia. Therefore, it is an interesting model to study beta-cell compensation to insulin resistance. ZF rat islets exhibit increased glucose utilization and oxidation compared with Zucker lean (ZL) control rats, associated with increased anaplerosis via pyruvate carboxylase (81) . Moreover, inhibition of pyruvate carboxylase markedly impaired glucosestimulated insulin secretion (81) , suggesting that augmentation of anaplerosis is involved in the beta-cell compensation to insulin resistance. In addition, it was shown that FFAs synergized with GLP-1 and cAMP to augment glucose-stimulated insulin secretion (24). Both esterification and oxidation of FFAs were increased in ZF compared to ZL rats, suggestive of enhanced triglyceridefatty acid cycling. Inhibition of FFA oxidation prevented the effect of FFAs on glucose-stimulated insulin secretion. The interaction between FFAs, glucose and incretins and coordinated fatty acid-triglyceride cycling are thus important for beta-cell compensation to insulin resistance (24).
In summary, beta-cell compensation to insulin resistance and hyperglycemia is characterized by increased glucose and FFA metabolism with increased glucose utilization and oxidation, enhanced metabolism via anaplerotic pathways and increased FFA esterification and -oxidation. These pathways synergize with incretins to further amplify insulin release by increasing the cellular levels of signals, such as ATP that foster insulin secretion and production. 
Signaling pathways involved in beta-cell compensation
Nutrients increase beta-cell mass via activation of the insulin/IGF1 receptor-PI3 kinase-Akt pathway. This pathway can be stimulated by the secreted insulin, growth factors and GLP-1. Its prime role in beta-cell mass compensation was demonstrated in knockout mice for insulin/IGF1 receptors or for IRS2 in the beta-cells, which failed to increase beta-cell mass and developed diabetes (83) (84) (85) . Studies in the ZF rat showing that Akt is activated in the islets, further supported the hypothesis that this pathway mediates the expansion of beta-cells in insulin resistant animals (86) . In P. obesus, there is a marked increase of IRS2 during the early stages of diabetes, which is accompanied by increased beta-cell proliferation and up to 50% increase of beta-cell mass (87) . Increased Akt phosphorylation activates mTOR, which regulates protein synthesis and beta-cell growth, proliferation and apoptosis (87) . In S6K1 (downstream target of mTOR) knockout mice, beta-cell size is reduced, accompanied by hypoinsulinemia and glucose intolerance despite increased insulin sensitivity (88, 89) . In diabetic P. obesus, inhibition of mTOR/S6K resulted in a marked increase of beta-cell apoptosis with reduced beta-cell mass, indicating that the mTOR/S6K pathway is essential for beta-cell survival under hyperglycemia in this model (87) . Taken together, these studies suggest that mTOR is an important regulator of beta-cell mass and function. mTOR is regulated by insulin/IGF-1 and nutrients through modulation of cellular ATP levels (66, 90) ; the latter inhibit AMPK with activation of mTOR as a consequence (32, 34). Moreover, activation of AMPK by metformin or AICAR was shown to inhibit mTOR (38). The coupling between mTOR and AMPK and their modulation by nutrients suggest that interactions between these kinases participate in nutrient regulation of beta-cell mass.
In summary, metabolic signals provided by nutrient metabolism and different kinases, mainly those of the insulin/IGF1 receptor cascade, generate a complex signaling network that acts to enhance beta-cell function and expand beta-cell mass under conditions of nutrient overload.
BETA-CELL FAILURE IN TYPE 2 DIABETES
Failure to compensate for insulin resistance by increased functional beta-cell mass occurs both in humans and in animal models of type 2 diabetes (reviewed in (91)). Among the major factors driving beta-cell maladaptation are: a. extended metabolic insults, i.e. elevated levels of glucose and lipids, b. increased inflammatory mediators, and c. amyloid deposits in the islets (in humans), all augmenting the cellular stress that drives progressive betacell demise.
Beta-cell secretory dysfunction
A poor pancreatic secretory response is a mandatory condition for a full manifestation of T2DM (Figure 2 ) Impaired insulin secretion in T2DM is initially evident as blunted early (first phase) insulin response, followed by a progressive decline in the sustained (late or second phase) response to glucose (92) . Although the sensitivity to non-nutrient secretagogues may seem normal at the initial stages of T2DM, the secretory response to potentiators of glucose-induced insulin secretion is attenuated when tested at similar levels of glycemia (93, 94) . The defective insulin secretion in T2DM is also characterized by impaired pulsatile insulin release associated with lack of posprandial glucagon suppression and inappropriate hepatic glucose production (95, 96) ; reduced glucose responsiveness of the beta-cells and the loss of the normal pattern of insulin secretion (first phase and pulsatility) compromise glucose homeostasis.
Deficient proinsulin biosynthesis
In vivo studies in animal models of diabetes demonstrated deleterious effects of the diabetic environment on insulin production (39, 50), resulting from decreased expression and activity of transcription factors required for proinsulin gene transcription (Figure 2 ). In the ZDF and 90% pancreatectomized rat models of T2DM the expression of PDX-1 and MafA was reduced, resulting in decreased proinsulin mRNA levels (50, 97-99). Normalization of blood glucose levels in ZDF rats restored PDX-1 and proinsulin gene expression (97) . C/EBPbeta, a member of the leucine zipper family of transcription factors that specifically represses insulin gene transcription was upregulated in the islets of both models (50). Studies in the P. obesus model of nutrition-induced diabetes, in which the conserved form of PDX-1 could not be detected (100), documented a time-dependent reduction of steady-state proinsulin mRNA levels during progression of nutritioninduced diabetes (101) . Thus, differential regulation of various transcription factors appears to be involved in the impairment of proinsulin gene transcription during diabetes progression. Failure to increase insulin gene expression hinders the replenishment of pancreatic insulin stores under the metabolic environment of T2DM (100, 101) . In addition to its effect on proinsulin gene transcription, PDX-1 affects GLUT-2 gene transcription (99), mitochondrial metabolism (102) and pancreatic convertases (103) . Therefore, decreased PDX-1 expression might also impair glucose sensing and metabolism in the beta-cell, as well as proinsulin processing.
Decreased beta-cell mass
Studies in animal models of diabetes (e.g. the obese diabetic Zucker fa/fa rats (104, 105) ) and in autopsy material from individuals with T2DM (67, 106, 107) found a decrease in beta-cell mass that could contribute to the inability to compensate for the increased metabolic load associated with insulin resistance and obesity (Figure 3 ). Whereas this idea is not accepted by all authors (108), studies using large series of pancreases from patients with T2DM matched by appropriate controls documented reduced relative beta-cell volume in humans with both impaired fasting glucose and established T2DM (67) . The finding of reduced beta-cell volume already in individuals with impaired fasting glucose suggests that this could have pathophysiological importance. The reduced beta-cell mass is mostly due to enhanced rate of beta-cell apoptosis, rather than inability of the beta-cells to proliferate (67, 104) . Deng et al observed that in addition to a marked reduction in the recovery of islets, the islets of T2DM donors were functionally defective (109).
In P. obesus, during the early stage of diabetes there was an increased rate of beta-cell turnover (higher rates of proliferation and apoptosis) with a relatively small increase of beta-cell mass (87, 110) . During disease progression a gradual increase in β-cell apoptosis was observed, resulting in a marked decrease in beta-cell mass at the end-stage of the disease (39, 110). The rapid development of hyperglycemia in the absence of reduced beta-cell mass in the early stage of diabetes in P. obesus suggests that the beta-cell mass is of minor importance in the establishment of diabetes in this species, but may contribute to disease progression over-time.
FACTORS DRIVING BETA-CELL FAILURE
In T2DM, beta-cell loss results from increased apoptosis (Figure 3) . Factors driving beta-cell dysfunction and apoptosis include: glucotoxicity, glucolipotoxicity, proinflammatory mediators, and deposits of islet amyloid polypeptide.
Glucotoxicity
Beta-cell mass and function are negatively affected by the hyperglycemic environment, a condition referred to as glucotoxicity (111) . This is characterized by impairment of glucose sensing and insulin secretion, reduced expression of transcription factors important for adequate proinsulin gene transcription and increased betacell apoptosis (reviewed in (112)). These impairments could appear early in the course of T2DM, before persistent hyperglycemia is evident, in response to transient postprandial hyperglycemic excursions (113) . It appears that both the magnitude and the duration of hyperglycemia are important for manifestation of beta-cell glucotoxicity. Indeed, reversal of hyperglycemia in both animal models and humans with T2DM resulted in at least partial recovery of beta-cell function (39, 114-116).
Glucolipotoxicity
Disorders of lipid metabolism were proposed to contribute to beta-cell dysfunction (117, 118) . However, it was later shown that the toxic effect of FFAs on the pancreatic beta-cells, originally termed lipotoxicity, is evident mostly under the in vivo hyperglycemic environment, hence it is now referred to as glucolipotoxicity (119). Long-term exposure of rat and human pancreatic islets to high levels of FFAs and glucose impaired insulin secretion and proinsulin gene transcription and increased beta-cell apoptosis (reviewed in (6, 51)). Elevated levels of saturated but not monounsaturated fatty acids were reported to increase beta-cell apoptosis in rat and human islets (120, 121) . The observed effects on betacell apoptosis and proinsulin gene expression induced by palmitate were suggested to be mediated by ceramide accumulation, as well as by increased partitioning into complex lipids, some of which are cytotoxic to the betacells (6, 21, 51). Nevertheless, inhibitory effects on insulin secretion were induced by both palmitate and oleate, and hence are unlikely to be mediated by ceramide (51). In the ZDF but not in normoglycemic ZF rats there is increased fat deposition in beta-cells, associated with apoptosis (6). In the diabetic P. obesus during the early phase of hyperglycemia, there was no increase in islet triglycerides or lipid deposits (112); in contrast, increased circulating lipids and beta-cell lipid deposits were observed in the very advanced stages of diabetes (39). In this model the in vivo beta-cell dysfunction precedes the decrease in beta-cell mass, therefore it is unlikely that the early impairment of beta-cell function in P. obesus is related to beta-cell steatosis.
Proinflamatory cytokines and adipokines
There is a chronic increase in inflammatory mediators in T2DM, some of which were shown to impair beta-cell function and survival (reviewed in (122-125) ). In vitro studies in isolated human islets suggest that hyperglycemia increases beta-cell apoptosis by inducing IL-1beta (126) . This was extended to the in vivo environment by immunohitochemical studies on pancreatic tissue from T2DM patients (126, 127) . These studies showed that the effect of hyperglycemia was mediated by the activation of the Fas death pathway. In more recent studies, Donath and colleagues demonstrated a novel role for the Fas pathway in human islets, reducing insulin production and release (128) .
The adipokine leptin inhibited glucose-induced insulin release and promoted beta-cell apoptosis by increasing production and release of IL-1beta and decreasing IL-1 receptor antagonist in human islets (129) . Leptin, originally identified as an adipocyte-derived satiety factor, is increased in obesity-associated T2DM. Other cytokines released by adipocytes may also modulate betacell survival, although it is unclear if the amounts released into the circulation in obesity-related diabetes are sufficient to affect the beta-cells (125).
Islet amyloid polypeptide
Humans with T2DM are prone to develop islet amyloid deposits composed mostly of islet amyloid polypeptide (IAPP, amylin); however, its relevance to beta-cell function has been debated (130, 131) . IAPP is a normal secretory product of the human beta-cell, cosecreted with insulin. The prevalence of amyloid deposits is higher in T2DM patients compared with non-diabetic individuals (67) . The molecular structure of IAPP in humans, monkeys and cats allows spontaneous formation of fibrils and oligomers in an aqueous solution, which might be toxic to the beta-cells. It appears that the structure of the IAPP oligomers determines their toxicity to human islets (130, 131) . Recent studies from Butler and colleagues suggest that toxic human IAPP oligomers rather than IAPP fibers initiate beta-cell apoptosis and thus contribute to the decrease of beta-cell mass in T2DM (132) . Moreover, in vitro exposure of human islets to IAPP was shown to disrupt islet morphology and glucose mediated insulin secretion through an effect on the cell membrane (133).
DERANGED CELLULAR PATHWAYS INVOLVED IN BETA-CELL FAILURE IN TYPE 2 DIABETES
Several cellular stress pathways are deranged in T2DM driving beta-cell apoptosis and reducing functional beta-cell mass (Figure 3 ). These include: inflammatory, oxidative and endoplasmic reticulum stress.
Inflammatory stress
Activation of the innate immune system has been reported in obesity, insulin resistance and obesityassociated T2DM. These conditions are characterized by increased circulating levels of acute phase proteins as well as cytokines and chemokines (reviewed in (122-124) ). The possibility that some of the inflammatory changes might be a consequence of T2DM has been extensively investigated. Metabolic stress resulting from high caloric intake, with increased circulating levels of glucose and FFAs, appears to contribute to the loss of functional beta-cell mass in T2DM mainly by apoptosis (67) . Culture of human islets with high glucose on extracellular matrix derived from bovine corneal endothelial cells stimulated IL-1beta synthesis and secretion and promoted Fas-triggered betacell apoptosis, in part by activating the transcription factor NFkappaB (126) . IL-1beta may also be produced by macrophages infiltrating the islets of patients and animal models of T2DM (134) . IL-1beta expression was demonstrated in pancreatic tissue of T2DM patients, but not in non-diabetic controls (126) . Increased IL-1beta expression was observed in islets of diabetic P. obesus fed a high calorie diet; this increase was reversible by normalization of glycemia (126) . Additional studies showed that IL-1 receptor antagonist fluctuated inversely with changes in glycemia both in human and P. obesus beta-cells (129) , suggesting that it is a physiological regulator of beta-cell viability. Small interfering RNA sequences directed against IL-1 receptor antagonist increased beta-cell apoptosis in cultured human islets even at basal glucose levels (129) . Indeed, antagonism of IL-1 in patients with T2DM by administration of recombinant human IL-1 receptor antagonist resulted in improved glycemic control and beta-cell secretory function and reduced systemic inflammation (135) . It should be noted, however, that although substantial experimental data support the involvement of the innate immune system in beta-cell maladaptation in T2DM, this is not accepted by all investigators in the field (136-138).
Oxidative stress
Oxidative stress appears to be an important cause of beta-cell dysfunction in T2DM via its inhibitory effects on insulin secretion and beta-cell survival. Glucotoxicity and glucolipotoxicity, which drive diabetes progression, are mediated at least in part by excess generation of ROS and other free radicals (reviewed in (139, 140) ). Recent studies showed that administration of intralipid or high glucose induced oxidative stress in rat islets in vivo (141) . ROS production in beta-cells, as in other cells, could be generated through several molecular processes: the electron transport chain in the mitochondrial membrane (142), the plasma membrane NADPH oxidase (143), non-enzymatic glycation (144) , and the hexosamine biosynthetic pathway (145) . ROS production in mitochondria and by the hexosamine pathway results from increased metabolic flux. Studies in isolated islets have shown that elevated glucose, palmitate or IL-1beta increased NADPH oxidase activity and its p47 phox subunit production (143), contributing to free radical load in the islets. Increased mitochondrial metabolic flux results in increased superoxide, activating uncoupling protein-2 (UCP2) (146) . In addition, UCP2 expression is upregulated by high glucose and FFAs (141) . UCP2 activation, while protecting the beta-cells from increased ROS production, uncouples glucose oxidation from ATP production, thus decreasing glucose-stimulated insulin secretion. Although oxidative stress is provoked in different tissues, beta-cells are particularly vulnerable to it because of low expression of the main antioxidant enzymes superoxide dismutase, catalase, and glutathione peroxidase (147) . In addition to antioxidant enzymes, several antioxidant systems participate in maintaining the redox state of the cells, among which are the thiol antioxidants glutathione (GSH) and thioredoxin (TRX) (reviewed in (148-150) ). The thioredoxin system, in addition to its role in maintaining the cellular redox state, affects beta-cell function and survival by controlling several transcription factors involved in cell proliferation and apoptosis (151) . In this regard, it was recently shown that glucose induces an endogenous inhibitor of TRX, thioredoxin interacting protein (TXNIP), leading to increased beta-cell apoptosis (152) . Moreover, it was recently shown that islets derived from HcB-19 mice harboring an inactivating mutation in the Txnip gene are protected from glucose-induced apoptosis (153) . Thus, the deleterious effects of the diabetic environment on the beta-cell are driven by a chronic increase in the production of free radicals, together with diminished intracellular "redox buffering" capacity, substantiated primarily by GSH and TRX. Given the important role of the cellular redox state in signal transduction, enzyme activation, DNA and RNA synthesis, cell proliferation, differentiation and apoptosis, the shift of this balance by overproduction of ROS could represent a common pathway driving beta-cell demise in T2DM. This may explain the beneficial effects of antioxidant molecules on beta-cell function, observed both in vitro and in animal models of T2DM in vivo (154, 155) .
Endoplasmic reticulum stress
Endoplasmic reticulum (ER) stress results from increased levels of misfolded proteins in the ER. This could be provoked during periods of increased biosynthetic activity when chaperones in the ER are overloaded and the ER fails to fold correctly and export the newly synthesized proteins (156) . ER stress leads to activation of various pathways aimed at adaptation and restoration of normal ER function. When the ER stress response, termed unfolded protein response (UPR), fails to restore adequate ER function (by translation attenuation, degradation of misfolded proteins or increased protein folding capacity through increased transcription of ER chaperones), it turns on cell signals that lead to apoptosis (156, 157) . ER stress is suggested to be involved in beta-cell apoptosis during periods of increased proinsulin biosynthesis, as in insulin resistant states and T2DM (157, 158) . ER stress could also result from increased biosynthesis of IAPP, characteristic of the beta-cells in T2DM (133, 159) . The UPR involves 3 major signaling pathways initiated by 3 transmembrane proteins in the ER (156, 157) : IRE1 (inositol requiring 1), the pancreatic ER kinase PERK (double stranded RNAactivated protein kinase-like endoplasmic reticulum kinase) and AFT6 (activated transcription factor 6); all are maintained in an inactive conformation by association with the chaperone BiP, which dissociates upon ER stress leading to activation of proximal signal transducers. The apoptotic response to ER stress, which occurs when adaptation mechanisms fails, is initiated by PERK, IRE1 and AFT6 through the transcriptional activation of the Chop gene. A second ER stress-related apoptotic response involves activation of the c-Jun N-terminal kinase (JNK) pathway, which is downstream to IRE1. The third ER stress pathway leading to apoptosis results from perturbation of the ER Ca 2+ pool with activation of calpain in the cytosol. Calpain converts Caspase-12 to its active form, initiating a caspase cascade that results in apoptosis. The earliest clue to the involvement of ER stress in diabetes was obtained from studies on the Akita mouse model of spontaneous diabetes, which is associated with reduced beta-cell mass (160) . The Akita mouse, a model of autosomal dominant diabetes, harbors a mutation in the proinsulin 2 gene that precludes formation of one of the disulfide bonds. To support the hypothesis that ER stress is the cause of the reduced beta-cell mass in the Akita mouse, the Akita mutation was introduced into Chop knockout mice, which resulted in delayed hyperglycemia and preservation of betacell mass (161) . It was recently shown that the mutant proinsulin in complex with native proinsulin was trapped in the ER, impairing trafficking of insulin. This trapping mechanism decreases insulin production followed by betacell apoptosis, leading to hyperglycemia (162) . Additional studies in animal models and in vitro studies in beta-cell lines provided further support for the role of ER stress in beta-cell failure in T2DM and insulin resistance (reviewed in (163)). The relevance of ER stress to human diabetes is demonstrated by the finding that a loss-of-function mutations in the Wfs1 gene, which encodes an ER transmembrane protein, leads to ER stress, beta-cell apoptosis and hyperglycemia (164, 165) .
CONCLUDING COMMENTS AND CLINICAL IMPLICATIONS
Beta-cell compensation for increased demand is driven by enhanced glucose, FFA and possibly amino acid metabolism. This is due to increased availability of substrates for glycolysis and TCA cycle oxidation, and increased activity of enzymes that generate signals for insulin secretion and biosynthesis. Increased nutrient supply and cellular energy (ATP) turns on signaling networks that activate mTOR/S6K1 and Akt/PKB, leading to nuclear exclusion of FOXO1. This augments beta-cell proliferation and reduces apoptosis leading to expansion of beta-cell mass as a consequence. However, protracted nutrient stimulation and accumulation of metabolic intermediates, such as acyl CoAs and ROS, and of IAPP, induce various pathways of cellular stress. This in turn impedes beta-cell function and induces apoptosis. Thus, enhanced activation of physiological adaptive mechanisms aimed to augment insulin secretion may eventually lead to beta-cell failure and reduced beta-cell mass. We hypothesize that "efficient" beta-cells which robustly augment insulin secretion in response to increased demand exhibit high metabolic and biosynthetic activity and are therefore at a higher risk for oxidative and ER stress.
This paradigm has important clinical implications for the prevention and treatment of T2DM. Treatments that reduce the secretory load exerted on the beta-cell, including reduction of caloric intake and increased physical activity, medical treatments aimed at reducing insulin resistance (e.g., metformin, glitazones), or modifiers of nutrient absorption (e.g., acarbose, orlistat), not only reduce glycemia, but may also attenuate cellular stress allowing for better preservation of beta-cell mass and function overtime. This is supported by clinical trials showing that such treatments reduced the incidence of T2DM in patients with impaired glucose tolerance who are at high risk for developing the disease (166) . On the other hand, insulin secretagogues, such as sulfonylureas, while amplifying insulin secretion may ultimately compromise beta-cell survival and function. Indeed, in vitro studies showed that treatment of human islets with sulfonylureas increased beta-cell apoptosis (167) . Moreover, in the ADOPT study, treatment of T2DM patients with sulfonylureas was associated with a faster decline of beta-cell function compared to metformin or glitazones (168) . In line with this concept, treatment with the K + -ATP-channel opener diazoxide enhanced the recovery of beta-cell mass following 90% pancreatectomy in rats (169) . Additionally, diazoxide that allows beta-cell "rest" improved the betacell function of patients with T2DM (91) . On the other hand, recent studies suggest that certain sulfonylureas, such as gliclazide, could have antioxidant activity and therefore may protect the beta-cell against oxidative stress (170) . Thus, the potential deleterious effect of sulfonylureas on beta-cell viability and function is controversial. It should be noted that the most potent stimulus augmenting beta-cell work in the diabetic state is hyperglycemia, therefore, reducing hyperglycemia independent of the mode of therapy may protect the beta-cell in T2DM (171) .
Novel treatments aimed to modify the course of T2DM should focus on better preservation of beta-cell function and mass. This can be accomplished by reducing the "work load" exerted on the beta-cells and by developing new therapeutic approaches to protect the islets from cellular stress. 
